Introduction
A realistic qualitative and quantitative description of pelagic ecosystem dynamics is a fundamental requirement for a comprehensive understanding of biogeochemical processes in the sea and their implications for the ocean's role in the global climate system. Intense ob-tation depends on our knowledge of what is going on in the ocean interior.
It is hoped that numerical models can be used to interpolate between observations of different biological quantities at different times and different locations in a way that a dynamically consistent picture emerges. The development of such models always is a compromise between complexity, required to accurately reproduce detailed local measurements, and conceptual simplicity required for global applications and interpretations. A practical constraint is the finite memory of the computer that imposes limits on the number of explicitly resolved ecosystem variables. This is particularly important if high-resolution state-of-the art ocean circulation models are used to give an as realistic as possible description of the physical environment.
In a companion paper [Oschlies and Garqon, 1999] (hereafter referred to as OG99) we presented a simple four-compartment, nitrogen-based Nitrate, Phytoplankton, Zooplankton, Detritus (NPZD) pelagic ecosystem model coupled to an eddy-permitting circulation model of the North Atlantic. The sensitivity of the simulated upper ocean nitrate supply as well as of primary production was investigated with respect to the numerical realization of advection and the parameterization of turbulent mixing. It was found that the implicit numerical diffusivity inherent in standard upstream differencing could be orders of magnitudes larger than physically justified vertical diffusivities, particularly in the equatorial upwelling region. The resulting overestimation of vertical nutrient supply could be cured by switching to a second-order positive-definite advection scheme. An accurate description of vertical mixing was concluded to be of primary importance to control the simulated nutrient supply into the subtropical euphotic zone, whereas differences in the parameterization of viscosity were shown to affect the equatorial current system and associated upwelling features. In the present paper, the ecosystem model results of the standard experiment (A) selected by OG99 will be analyzed in greater detail. One of the major advances of this experiment with respect to a first basin-wide coupled biological-physical model for the North Atlantic Ocean presented by Sarmiento et al. [1993] , hereafter SAR93, and Fasham et al. [1993] , herafter FAS93, is a more realistic description of the physical environment, including an explicit representation of mesoscale variability.
Since the model is run with climatological forcing, we use observations averaged over many years whenever possible. The seasonal cycle of surface chlorophyll concentrations will be compared on the basin scale with satellite surface chlorophyll measurements from the Coastal Zone Color Scanner (CZCS) mission.
Satellite-derived estimates of primary production will be used for a basin-wide comparison with model resuits. A more detailed investigation of the simulated ecosystem dynamics will then follow at three time series and process study sites in the North Atlantic, using data mainly gathered during JGOFS. These sites are the Bermuda Atlantic Time-series Study (BATS), 32øN, 65øW; the North Atlantic Bloom Experiment (NABE), 47øN, 20øW site; and the EUMELI oligotrophic site (21øN, 31øW). These individual sites may be viewed as representatives of different ecological provinces, ranging from the trade wind region to the northern boundary of the westerlies domain as classified by Longhurst [1995] .
Model deficiencies identified at the individual sites are investigated, and model improvements are suggested. The discussion section also addresses the question to what extent we can expect that a single set of biological parameters can be used to model pelagic ecosystems on a basin scale. A refined vertical grid has been used, increasing the number of levels in the upper 150m from four to eleven (Table 1 
Description of the

of OG99). The model is forced with monthly climatological data sets (see OG99).
Turbulent vertical diffusion in and below the surface mixed layer is modeled using the Turbulent Kinetic Energy (TKE) closure of Gaspar et al. [1990] in the three dimensional (3-D) implementation proposed by Blanke and Delecluse [1993] . It solves a prognostic equation for TKE, considering turbulence generation by wind, buoyancy fluxes, and shear, as well as dissipation and turbulent diffusion of TKE. Together with a diagnostic turbulent mixing length this yields vertical diffusivities and viscosities at every grid point and time step of the numerical model. As discussed by OG99, the lower limit for TKE has been tuned to closely match recent observations of diapycnal diffusion in the thermocline [Ledwell et al., 1993] .
Horizontal subgrid-scale diffusion and dissipation are parameterized by the highly scale-selective biharmonic operator with both friction and diffusion coefficients set to A•, = 2.5 x 10 •øcm 4s -•. This form is commonly used in high-resolution models and reflects the notion that mixing along (approximately horizontal) isopycnal surfaces occurs mainly through the action of eddies and thus is supposed to be explicitly resolved by the model. Note, however, that in the present 1/3 ø grid configura- 
Basin-Scale Ecosystem Dynamics
Seasonal Cycle of Surface Chlorophyll
Satellite ocean color measurements provide the unpreceeded possibility for basin-wide observations of pelagic biological activity and its variability in space and time. While the wealth of coming data from sensors such as SeaWiFS has for a long time been anticipated, the only ocean color data set that presently al- Simulated chlorophyll values systematically exceed the CZCS observations along the equator. In fact, our simulated concentrations are very similar to those obtained by SAR93 (their Figure 2) 
Annual Primary Production
Maps of annual primary production were one of the principal diagnostics used by OG99 to demonstrate the strong sensitivity of the coupled ecosystem-circulation model to apparently small changes in numerics and physics. While OG99 concentrated on relative differences between the individual simulations, here we will present a more quantitative investigation. and will be used to assess the quality of our simulation.
Model deficiencies will be identified and routes for future improvement will be suggested. We begin with the BATS site in the western subtropical gyre, before analyzing the model results at the NABE 47øN site in the North Atlantic drift province as defined by Longhurst [1995] . Finally, the results of an oligotrophic regime in the trade wind domain in the eastern subtropical gyre will be presented and compared with data taken during the EUMELI cruises.
Main integral quantities simulated by the model at the three sites are summarized in Table 2 This is associated with a rapid decline of growth rates within the surface mixed layer (Figure 13b) . Growth rates are still relatively high in the nitracline (Figure 13a) (Figure 4) . All EUMELI cruises found a deep chlorophyll maximum (DCM) at the nitracline at or slightly below 100m [Morel, 1999] . The depth of the DCM is accurately represented by the model (Figure 17b Figure 19b . The order-of-magnitude agreement with these data suggests that the model simulates shallow particle export much better than primary production.
EUMELI
4.3.3.
Summary: EUMELI. Agreement between simulated and observed stocks of nitrate and chlorophyll is relatively good, with some tendency of the model to underestimate plankton biomass by about a factor of 2. At the same time, the simulated primary production is too low by an order of magnitude. Simulated particle export, on the other hand, is not inconsistent with the few data available from shallow traps. Together with the unrealistically high f ratio of about 0.7 in the model, this indicates that the simulated recycling of nutrients in the euphotic zone is too inefficient under oligotrophic conditions. In the same direction points the extremely small role of zooplankton in the simulated food web (Figure 4 ). Almost all phytoplankton loss goes directly to detritus, of which about half sinks out of the euphotic zone and hence is not available for recycling.
Discussion
The maps of surface chlorophyll and primary production, presented in section 3 of the paper, demonstrate that the main patterns and geographical distributions of biological provinces as defined by Longhurst [1995] In order to reach a more quantitative assessment of the coupled model's performance, data from three JGOFS local study sites in different biogeochemical provinces have been used: BATS in the western part of the subtropical gyre, NABE 47øN in the North Atlantic drift region, and EUMELI in the trade wind domain. This led to the identification of two principal model deficiencies. On the one hand, primary production was found to be much too low at EUMELI where phytoplankton stocks seem to agree within a factor of 2, but where simulated zooplankton was surprisingly inactive. On the other hand, simulated phytoplankton and zooplankton biomass was too large during the spring bloom at the BATS and NABE 47 ø sites, where primary production rates were in good agreement with the data. Moreover, the modeled spring bloom could be terminated only by an unrealistically rapid development of a large zooplankton stock. In the following, we will address the problems in oligotrophic and bloom situations separately.
Oligotrophic Situation
When we set up the high (1/3 ø ) resolution coupled ecosystem-circulation model, we did not anticipate that primary production in the subtropical gyre would remain relatively unchanged with respect to the results obtained by SAR93 using a much coarser (2 ø) model.
Despite the more realistic simulation of mesoscale variability, which was shown to contribute more than one third of the nitrate supply in the subtropics and midlatitudes lOschiles and Garqon, 1998], primary production still is smaller than CZCS-derived estimates by more than an order of magnitude in the subtropical gyre (Figure 3) . For the present, a more pragmatic approach of enhancing the regenerated production without introducing new model compartments (particularly important for computationally expensive 3-D models) may be the introduction of a direct fast recycling path from phytoplankton back to nitrate (which would then more appropriately be called "dissolved inorganic nitrogen" since it would include the ammonium pool). Work is under way to investigate whether this route can be appropriate for a basin-scale model.
Bloom Situation
Model deficiencies during the spring bloom were identified both at BATS and at the NABE 47øN site. At both sites, primary production was within observed ranges during the spring bloom, but phytoplankton and especially zooplankton biomass tended to be too high. This indicates an overestimation of grazing and an underestimation of other phytoplankton loss terms. At the NABE 47øN site where nitrate is not depleted until long after the initial bloom is over, the simulated bloom could only be terminated by grazing by a rapidly grown zooplankton stock for which there is no observational 
